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Abstract. 2014 An effective nucleon-nucleon amplitude for bound nucleons taking into account medium effects such as Fermi motion and Pauli blocking has been derived from the Bethe-Goldstone equation, using a MonteCarlo simulation of a nucleon-nucleon collision in the nuclear medium. The obtained amplitude is local and density dependent. This amplitude has been used in a local density approximation to analyse microscopically nucleus-nucleus elastic scattering at intermediate energies. The The 50 to 500 MeV/nucleon incident energy range is a transition region for nucleus-nucleus (A-A) scattering. At higher energies, A-A scattering can be described in terms of independent, free nucleonnucleon (N-N) collisions. At lower energies, the mean-field effects dominate, and a microscopic description of the process becomes very difficult. In the transition region, medium effects such as Pauli blocking and Fermi motion , essential at low energies, still must be taken into account.
The Fermi motion causes a large spreading of the relative momentum distribution for the colliding nucleons. In the low and medium energy region, the N-N total cross section varies very rapidly with the relative momentum (Fig. 1) ; it is thus important to average properly the N-N cross section over the Fermi momentum distribution. Another important medium effect is connected with the Pauli principle, which reduces the available phase space for a N-N collision in nuclei, as compared to a free N-N collision. Both of these medium effects can legitimately be neglected at high energy, and microscopic Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:019870048090147900 calculations of N-A and A-A elastic scattering using the free N-N t-matrix have indeed proved to be successful above 800 MeV/nucleon (see for example refs. [22] [23] [24] [25] [26] [27] [28] [20, [29] [30] [31] [32] [33] , to describe microscopically the A-A elastic scattering for a sample of systems and incident energies. The method used is a momentum space folding procedure [2] , with the nice feature that it provides a unified description of the real and imaginary parts of the optical potential.
In the third part, the results will be discussed and compared with experiment, with special emphasis on the recent 12C + 12C and 12C + 2°8Pb data recently available from the Saturne National Laboratory [34] .
The effective interaction.
In the present model, the effective amplitude for bound nucleons has been taken to be proportional to the probability Q (k ) that a N-N collision occurring between bound nucleons with relative momentum k be permitted by the Pauli principle :
Equation (1) [35, 36] [11, 20] Q (k) is the probability that a N-N collision occurring with centre of mass momentum k be permitted by the Pauli principle. Equation (5) (10) and (11) then shows that :
The term ¿ Ri is independent of energy and must be i equal to zero, since medium effects vanish at high energy. We are thus left with the relation :
The present argument for the justification of equation (12) is given only as a hint, because it has not been proved thoroughly that the effective amplitude should obey exactly a dispersion relation like equation (9) , and that the analytic continuation of 6(E) This effect amounts to a reduction of the Pauli blocking in finite nuclei. The reduction is more effective for small nuclei and vanishes for two infinite slabs of nuclear matter flowing through each other. This finite size effect has been quantitatively evaluated by means of a simple model. The projectile (resp. target) nucleon is assumed to occupy within the Fermi sphere kFP (resp. kFf) a cubic quantum cell of size 7Thl2 Rp (resp. 7rhl2 Rt) in momentum space. After the collision, the wavepacket representing the nucleon in momentum space is shifted by an amount q with respect to the initial one. The probability S(R, q ) that the nucleon stays in its cell after the collision is 1 if q : 7rhl2 R (in this case the collision may be Pauli allowed, even though the nucleon stays within the Fermi sphere), and 0 if q, iT hl2 R.
As shown in figure 5, many situations are possible for the nucleons after the collision according to their respective location inside or outside the two Fermi spheres.
Situation (1) corresponds to a Pauli allowed collision. In situation (5), the target nucleon falls inside the target Fermi sphere ; the collision is permitted with probability S (Rt, q ). In situation (3), the probability is S (Rt, q ) . S (Rp, q ) since both nucleons must fall back on their original orbit is the collision is to be allowed. All the eventualities figure 6 , where the effective N-N cross section u eft is shown for various system sizes. Figure 6 shows that the importance of the Pauli blocking is overestimated, if one uses the infinite nuclear matter case to evaluate it. At an incident energy of 120 MeV/u, and for realistic nuclear sizes, there may be variations of 20 % in u eft according to the size of the system. In the limiting case of a pointlike system, the Pauli blocking vanishes and u eft becomes equal to 0" free.
Finally, the Monte Carlo simulation yields the two quantities P (ko, k) (Fig. 3) and Q (k) (Fig. 4) [38] .
afree represents the spin averaged ratio Re t f free at 1m tree zero momentum transfer. The slope i3free of the amplitude has been fitted by a least square fit procedure over the momentum transfer range 0-1.0 fm-l. Note that the Gaussian q dependence of the amplitude is a rather poor parametrization in the 100 MeV/u energy range. This results in large uncertainties in the determination of P. Altogether, 13 is certainly an important parameter, since it governs the range of the nucleon-nucleon interaction ; this range influences in turn the diffuseness of the microscopic nucleus-nucleus optical potential built from the N-N amplitude.
The parameter -y is the phase of the N-N amplitude. It is almost inaccessible to direct N-N scattering experiments and is usually taken to be equal to zero. However, it has been shown [24, 39] [40] [41] [42] in previous A-A analyses. A drawback of equation (17) lies in the fact that the range of the N-N interaction (1) Numerical results are available from the author. is neglected. This error can be compensated by the choice of a phenomenological t [42] or cancelled partly by the use of the impulse approximation and by the neglect of medium effects [40, 41] . We shall retain the full equation (16) for the rest of this study.
The isospin degrees of freedom can be explicitly included in equation (16) where p8, p;, PP,pn are the proton and neutron densities respectively.
Equation (16) is used successfully at high energy by making the impulse approximation [22] [23] [24] [25] [26] [27] [28] :
Because of the medium effects described above, the impulse approximation is certainly faulty at energies lower than 500 MeV/nucleon, at least in its crude form (19) . It is thus tempting to try to extend downwards the domain of validity of equation (16) The LDA has met with much success in the past, possibly because the density dependence of Jeff is weak [30, 33] . In spite of its simplicity, the LDA permits one to take into account structure effects : it includes the coupling of the elastic channel to inelastic channels in an average way. However, the effective amplitude teff has been calculated assuming that the projectile and target Fermi [45] [46] [47] . We shall cure this by explicity taking the main ones into account in a coupled channel treatment of the elastic scattering.
3.3 NUCLEAR DENSITIES. -The nuclear density p p, t is an ingredient needed to calculate the optical potential. Experimental densities have been taken from the literature (from ref. [48] for proton densities, and from ref. [24] for neutron densities, except for 12C, where we have taken P f2c = P f2c.) Of course, point densities must be used in equations (16) (17) (18) (19) (20) (21) (22) (23) (24) . These experimental densities have thus been corrected for the finite size of the nucleon. No centre of mass correction has been made in equation (16) 
ENERGY DEPENDENCE OF THE OPTICAL POTEN-
TIAL. - The microscopic optical potential calculated at various energies are shown in figure 7 for the 12C + i2C system. The energy dependence of the microscopic optical potential is the result of a complex interplay among four factors :
i) The energy dependence of the nucleon-nucleon forward amplitude tends to reduce the depth of the imaginary potential as the energy increases.
ii) The energy dependence of the Pauli blocking has the opposite effect.
iii) The slope parameter of the nucleon-nucleon amplitude varies sharply with energy ; this influences the diffuseness of the resulting potentials.
iv) The ratio of the real to imaginary part of the forward nucleon-nucleon amplitude has a complicated energy dependence, very different for pp and np amplitudes ; this influences the ratio of the real to the imaginary part of the potential. [11, 33, 45, [50] [51] [52] [53] [54] and phenomenological [34, 55] [38] . Since y is essentially unknown experimentally, the realistic microscopic potential could be considered to lie somewhere within the two extreme curves of the figure 8 . The value y = 0 has been kept for the rest of this study. [34] . Here again, the fit obtained from the coupled channel treatment with the microscopic potential is quite good, with a deformation parameter value commonly used in the literature (/3 2 + = -0. 62) ) (Fig. 16) . The influence of the coupling of the elastic channel to the low lying collective states has been investigated and found to be rather small for energies of 120 MeV/nucleon and higher (Fig. 17) . The model might be expected to Fig. 11 . -Fit to the elastic differential cross section for the 12C + 12C system at 30 MeV/nucleon. The experimental data are from [63] . [34] 18 : i) The Pauli blocking tends to reduce the depth of the potential in the interior and leaves the surface region unaffected.
ii) Taking into account the Fermi motion has the opposite effect, for the imaginary part of the potential. On the other hand the inclusion of Fermi motion reduces the depth of the real part, at least in the 30-200 MeV/nucleon region.
iii) The finite size effects also tend to moderate the importance of the Pauli blocking. The effective N-N amplitude for bound nucleons described in this paper takes into account medium effects and has an intricate density, momentum and box size dependence, but it remains rather easy to handle. It is hoped that this effective N-N amplitude will be used as an input for other problems in Nuclear Physics, for example pion production in heavy ion collisions [59] or ablation-abrasion model of fragmentation [60] [61] [62] . In the future it will be interesting to include in the above description a more careful treatment of the spin degree of freedom, and to apply a similar approach to the problem of the nucleon-nucleus interaction. This paper is dedicated to the memory of Madame Faraggi.
